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(54) Rotationally invariant multilevel coded systems. 

(67) A rotationally invariant, multilevel coded 
modulation scheme is provided by partitioning 
a constellation, such as an M-PSK or QAM 
constellation, into several trellis subsets, each 
of which is further partitioned into block sub- 
sets. The input bits are then encoded to select a 
signal point from the constellation. A first por- 
tion of the input bits are differentially encoded, 
A second portion of the input bits, together with 
at least one of the differentially encoded bits, 
are trellis encoded to select a trellis subset of 
the constellation. A third portion of the input 
bits - excluding any differentially encoded bits - 
are block encoded to select a block subset from 
the selected trellis subset A fourth portion of 
the input bits, together with the remaining diffe- 
rentially encoded bits, are used to select a 
signal point from the selected block subset. 
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Field of the Invention 

The present invention relates to multilevel coded 
modulation useful, for example, in satellite communi- 
cation and voiceband data transmission (e.g., mo- 
dem) applications. 

Background of the Invention 

As used herein, the term "multilevel coded mod- 
ulation" refers to arrangements in which input bits are 
divided into two or more groups which are individually 
encoded using respective redundancy codes. The en- 
coded bits are then used jointly to select channel sig- 
nal points from a predetermined signal constellation 
for transmission over a communication channel, such 
as a voiceband telephone channel. The principal ad- 
vantage of adopting a multilevel coded modulation 
approach is that it provides the system designer with 
increased flexibility in designing a coding scheme 
which provides desired levels of error-rate perfor- 
mance, or "coding gain,- while meeting various con- 
straints on code complexity and decoding delay. 

It also is desirable that modulation codes be in- 
variant to rotations of the transmitted signal points by 
a phase ambiguity of the constellation. A code is said 
to be "rotationally invariant" when a valid sequence of 
signal points becomes another valid sequence of sig- 
nal points after each point is rotated by a phase angle 
corresponding to a phase ambiguity of the constella- 
tion. Unless the codes are rotationally invariant, after 
such a rotation, the receiver will be unable to recover 
the bits that are associated with the signal points. 

However, it is difficult to obtain rotational invari- 
ance in multilevel codes, especially where a large 
amount of coding gain is desired and when the con- 
stellation has more than two phase ambiguities. 

Summary of the Invention 

A rotationally invariant, multilevel coded modula- 
tion scheme suitable for use with constellations hav- 
ing more than two phase ambiguities is provided in 
accordance with the principles of the invention. A con- 
stellation, such as an M-PSK or QAM constellation, is 
first partitioned into a first group of subsets and then 
partitioning each of the subsets into a respective sec- 
ond group of subsets. The partitioning is done such 
that the first and second groups of subsets are invari- 
ant to the same amounts of phase rotation. 

In an exemplary embodiment of the invention, 
which uses the partitioning scheme described above, 
and in which the partitioning is done such that the in- 
tra-subset minimum square Euclidian distance 
(MSED) of each second group of subsets is greater 
than that of the respective first group of subsets, 
which in turn, is greater than that of the overall con- 
stellation, a rotationally invariant, multilevel code is 



provided in which input bits are used to select a signal 
point from the constellation. Afirst portion of the input 
bits are first differentially encoded. A second portion 
of the input bits, together with at least one of the dif- 

5 fentially encoded bits, are trellis encoded to select a 
"trellis subset" from the first group of subsets of the 
constellation. Athird portion of the input bits -- exclud- 
ing any differentially encoded bits — are block encod- 
ed to select a "block subset* from the second group 

10 of subsets of the previously selected trellis subset. A 
fourth portion of the input bits, together with the re- 
maining differentially encoded bits, are used to select 
a signal point from the selected block subset. 

15 Brief Description of the Drawings 

In the drawings: 

FIGs. 1 and 2 are block diagrams of the transmit- 
ter and receiver portions, respectively, of a conv 
20 munication system constructed in accordance 

with the principles of the invention; 
FIG. 3 is a two-dimensional (2D) 8-PSK constel- 
lation that may be used in the transmitter of FIG. 
1; 

25 FIG. 4 shows how a four-dimensional (4D) 8-PSK 

constellation used in the illustrative embodiment 
is partitioned into subsets; 
FIG. 5 is a schematic diagram of an illustrative 
embodiment of the trellis encoder of the transmit- 

30 ter of FIG. 1; 

FIG, 6 shows how an eight-dimensional (8D) 8- 
PSK constellation used in the illustrative embodi- 
ment is partitioned into subsets; 
FIG. 7 shows how the block subsets of FIG. 6 are 

35 formed; 

FIG. 8 is a block diagram of an illustrative em- 
bodiment of the encoder of FIG. 1 for use with the 
constellation of FIG. 6; 

FIG. 9 is a state transition diagram implemented 
40 by the block encoder of FIG. 8; 

FIG. 10 is a schematic diagram of an 8D-to-4D 

constellation mapping converter for use in the 

constellation mapper of FIG. 8; 

FIG. 11 is a table used to implement the 4D con- 
45 stellation mapping in the constellation mapper of 

FIG. 8; 

FIGs. 12-14 are alternative embodiments of the 
trellis encoder of FIG. 5; 

FIG. 1 5 is a 2D 1 6-PSK constellation that may be 
50 used in the transmitter of FIG. 1 ; 

FIG. 16 shows how a 4D 1 6-PSK constellation is 
partitioned into subsets; 

FIG 17 shows how an 8D 1 6-PSK constellation is 
partitioned into subsets; 
55 FIG. 18 shows how the block subsets of the con- 

stellation of FIG. 17 are formed; 
FIG. 19 is a partially schematic diagram of an il- 
lustrative embodiment of the encoder of FIG. 1 
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for use with the constellation of FIG. 17; 

FIG. 20 is a state transition diagram implemented 

by the block encoder of FIG. 19; 

FIG. 21 is a 2D 96-QAM constellation that may be 

used in the transmitter of FIG. 1; 

FIG. 22 is a table used to implement the selection 

of block subsets in the 2D constellation mapping 

of FIG. 21; 

FIG. 23 shows how a 4D 96-QAM constellation is 
partitioned into subsets; 
FIG. 24 shows how an 8D 96-QAM constellation 
is partitioned into subsets; 
FIG. 25 shows how the block subsets of the con- 
stellation of FIG. 24 are formed; 
FIG. 26 is a partially schematic diagram of an il- 
lustrative embodiment of the encoder of FIG. 1 
for use with the constellation of FIG. 24; 
FIGs. 27-29 are block diagrams of illustrative em- 
bodiments of trellis encoders suitable for use in 
the transmitter of FIG, 1 ; 
FIG. 30 is a block diagram of an illustrative 4D- 
to-2D constellation mapping converter. 
FIGs. 31 and 32 are tables for implementing the 
bit converter and the fractional bit encoder, re- 
spectively, of FIG. 30. 

Detailed Description 

Referring now to the drawings, FIGs. 1 and 2 
show the transmitter and receiver portions, respec- 
tively, of a communication system constructed in ac- 
cordance with the principles of the invention. In FIG. 
1 , a stream of bits from a data source 101, such as a 
computer terminal, is clocked into a scrambler 102, 
which randomizes the bits in a conventional manner. 
The serial bit stream output from scrambler 102 is 
provided to a serial-to-parallel converter 104, which 
provides parallel outputbits to an encoder 106. As de- 
scribed below, encoder 106 encodes the bits in accor- 
dance with the invention. Output signal points from 
encoder 106 are provided to a modulator 108, which 
modulates the signal points onto a communication 
channel 110 for transmission to the receiver portion 
of the communication system. 

Encoder 106 includes a differential encoder 112 
(which is later also refer ed to as being a Mod-4, Mod- 
8, or Mod-16 differential encoder) that receives input 
bits to be encoded for transmission on channel 110. 
Encoder 106 also includes a trellis encoder 114, a 
block encoder 116, and a 2N-dimensional constella- 
tion mapper 118 (where N is a positive integer). 

As further described below, a 2N-dimensional 
constellation is partitioned into a first group of trellis 
subsets, each of which is in turn partitioned into a 
number of block subsets. The partitioning is per- 
formed such that the intra-subset minimum squared 
Euclidian distance (MSED) of each trellis subset is 
greater than that of the overall constellation. The in- 



tra-subset MSED of each block subset, in turn, is 
greater than that of each trellis subset. The partition- 
ing is performed in a novel way, as described below, 
such that rotational invariance is achieved. 

5 Differential encoder 112 receives from serial-to- 

paraliel converter 104 m 1 +m 2 +m 3 bits (the same bits 
are shown at the output of data source 101) per group 
of N 2D signaling intervals (per 2N-dimensional sig- 
naling interval). Differential encoder 112, the opera- 
te tion of which will be discussed below, operates to 
eliminate the effect of the phase ambiguity of the con- 
stellation. The output of differential encoder 112 Is 
divided into three rails having m,, m 2 , and m 3 bits, re- 
spectively. (Although all of the bits input to encoder 

15 1 06 are shown as passing through differential encod- 
er 112, only selected ones of the input bits are actual- 
ly processed by the differential encoder. This is de- 
scribed in greater detail in the embodiments dis- 
cussed below.) The bits on the first rail enter trellis 

20 encoder 114 to become output bits, which are 
used in trellis subset selector 120 of constellation 
mapper 118 to select a trellis subset U n , where the 
subscript n denotes the present 2N-dimensional sig- 
naling interval. The m 2 bits on the second rail enter 

25 block encoder 116 whose m 2 +r 2 output bits further se- 
lect from trellis subset U n a block subset V n in block 
subset selector 122 of constellation mapper 118. The 
remaining m 3 bits on the third rail output from differ- 
ential encoder 112 remain uncoded and are received 

30 by a signal point selector 1 24 of constellation mapper 
118 to select a 2N-dtmensional signal point Q n from 
the selected block subset V n > The selected 2N-dimen- 
sional signal point is then processed in a conventional 
manner by a pulse shaping filter (not shown) and 

35 modulator 108 for transmission on channel 110, This 
scheme is referred to as being "multilevel" because 
several bits are encoded by trellis encoder 114 while 
other bits not encoded by the trellis encoder are en- 
coded by block encoder 116. 

40 FIG. 2 shows the receiver portion of the commu- 

nication system. The signal received from channel 
110 is first processed by equalizer/demodulator 200. 

The output of equalizer/demodulator 200, Q, , is a 
channel-impaired 2N-dimensional signal point that is 
provided to decoder 202 (described in detail below) 
for decoding in accordance with the invention. The 
decoded signal is output to a paraltel-to-seriai conver- 
ter 204, descrambled in a conventional manner by a 
d ©scrambler 206. and received by a data sink 208. 

50 

Decoder 202 includes a trellis decoder 210, a 
block decoder 212, and a differential decoder 214. 

Channel-impaired 2N-dimensional signal point On 
first enters trellis decoder 210. Trellis decoder 210 
55 can be implemented as a conventional Viterbi decod- 
er of the type used for decoding trellis coded bits in 
system where the bits not trellis encoded are simply 
left uncoded. Trellis decoder 210 outputs, on line 216 
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in the present 2N-dimensional signaling interval n, an 
estimated trellis subset U„_/that correspond to the 
trellis subset IV , that was selected by trellis subset 
selector 120 in an earlier 2N-dimensional signaling in- 
terval n-l. The trellis subset U n _, is provided via line 
216 to block decoder 212, Trellis decoder 210 also 

outputs the received signal point to block de- 
coder 212 via lines 218. 

Block decoder 21 2 preferably is implemented as 
a conventional Viterbi decoder. Block decoder 212 
identifies a signal point Q„. , (after some delay) from 
a block subset of the trellis subset Un_ f identified by 
trellis decoder210 on line 216 P as described in greater 
detail below. Block decoder 212 outputs, via lines 
220, 222, and 224, the m 1p m 2 , and m 3 bits corre- 
sponding to as specified by encoder 106. Differ- 
ential decoder 214 then decodes the three groups of 
input bits m 1 +m 2 +ms and provides the output bits to 
parallel-to-serial converter 204. 

FIG. 3 shows a 2-dimensional (2D) 8-PSK con- 
stellation having eight 2D signal points ("symbols") 
labeied r>7. The eight symbols are partitioned into 
four subsets A, B r C, and D, each subset having two 
symbols. Subset A includes symbols 0 and 4, subset 
B includes symbols 2 and 6, and so on. 

A32-point4D 8-PSK constellation is then formed 
by first concatenating a pair of 2D 8-PSK constella- 
tions and then deleting 32 selected points. The delet- 
ed points are those whose first symbol is even num- 
bered and second symbol is odd numbered, and 
those whose first symbol is odd numbered and sec- 
ond symbol is even numbered, 

FIG. 4 shows how to partition this 4D 8-PSK con- 
stellation into subsets. The constellation is first parti- 
tioned into four trellis subsets, Ro, Ri, F*2, and R 3 . 
Each trellis subset consists of two concatenations of 
two 2D subsets of FIG. 3. For example, subset Rq 
consists of (A,A) and (B,B), while subset R 2 consists 
of (B,A) and (A,B). Each trellis subset is further par- 
titioned into four block subsets. T 0 , Ti, T 2 , and T 3 . The 
intra-subset MSED of the 4D constellation illustra- 
tively has a value of 1.17, if the amplitude of each 
symbol of the 2D 8-PSK constellation is normalized to 
one. Each of the trellis subsets has an intra-subset 
MSED of 4 and each of the block subsets has an intra- 
subset MSED of 8. 

The above partitioning has the following proper- 
ties. Each trellis subset R| is invariant to 90, 180, or 
270 degree rotation. That is, following a rotation of the 
constellation corresponding to a phase ambiguity of 
the constellation, a valid trellis subset will become an- 
other valid trellis subset. Each block subset Tj is in- 
variant to only 180 degree rotation. Moreover, when 
a Tj of an Rj is rotated by 45, 1 35, 225, or 31 5 degrees, 
Tj sometimes becomes Tj of a different R, and some- 
times becomes T f , with j r being not equal to j, of a dif- 
ferent F^. For example, referring to FIG 4, after a 45 



degree rotation, T 0 of Ro becomes T 0 of R 3 , but T 0 of 
R 2 becomes of R v As will become dear later, the 
existence of these properties of the block subset Tj 
poses a problem in designing rotationally invariant 
5 multilevel coded systems based directly on the 4D 
constellation of Fig. 4, 

Using the four subset partition of the 4D constel- 
lation of FIG 4, an exemplary 4D 32-state rate-1/2 
trellis encoder 500 can be constructed as shown in 
w FIG. 5. Trellis encoder 500 receives one bit per4D sig- 
naling interval and generates two output bits which 
are used to select a trellis subset Rj, whose subscript 
i is the decimal equivalent of the two trellis output bits 
(reading from top to bottom). Trellis encoder 500 in- 
15 eludes five identical delay elements which are inter- 
connected to one another by exclusive-or gates (des- 
ignated by the symbol "+"). Each of the delay ele- 
ments represents a 2T delay, where T is a 2D signal 
interval. Trellis encoder 500 is constructed to be ro- 
se tationally invariant, in accordance with the principles 
described in L.F. Wei, "Rotationally Invariant Trellis- 
Coded Modulations with Multidimensional M-PSK," 
IEEE Journal on Selected Areas in Communications, 
Vol 7, No. 9, December 1989, pp. 1281-95, Trellis en- 
25 coder 500 also is designed to maximize the trellis dis- 
tance as taught in EP-A-0566330. 

As used herein, the trellis distance is the MSED 
between any two different valid sequences of trellis 
subsets identified by the trellis encoder. 
30 If rotational invariance is not critical, then the 4D 

32-state rate-1/2 trellis encoder described above can 
be used as trellis encoder 114 of FIG. 1. In this case, 
a so-called double parity check (DPC) code, descri- 
bed in detail below, can be used to implement block 
35 encoder 116. The DPC generates two output bits per 
4D signaling interval, which are used to select a block 
subset Tj of the trellis subset R, that was previously 
selected by the trellis encoded bits. However, using 
the approach just described, it is extremely difficult to 
40 achieve rotational invariance. This difficulty arises 
because of the rotationally variant properties of the 
block subset Tj described above. 

I have discovered that rotational invariance can 
be achieved, in accordance with the invention, by first 
45 converting the 4D 32-state rate-1/2 trellis code of 
FIG. 4 into a code of higher dimensionality (in this 
case, an 8D code), and partitioning the correspond- 
ing higher dimensional constellation in such a way 
that its trellis subsets and block subsets are invariant 
so to the same 90, 180, and 270 degree rotations. 

FIG. 6 shows a 2 10 -point 8D 8-PSK constellation 
formed by concatenating a pair of the 32-point 4D 8- 
PSK constellations of FIG 4, This 8D constellation is 
partitioned into sixteen 8D trellis subsets (Ri,Rj), each 
55 being a concatenation of 4D trellis subsets Rj and Rj 
of FIG. 4. Each 8D trellis subset (R|,Rj) is further par- 
titioned into four block subsets W 0 , W 1t W 2 and W 3 . 
Depending upon the values of i and j, the four block 
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subsets of an 8D trellis subset is formed as shown in 
FIG. 7. 

Referring to FIG, 7, each 8D block subset W q of 
(R t ,Ri) consists of the union of four concatenations of 
4D block subsets (T p ,T q ), where T p and T q are subsets 
of Rj and Rj, respectively. Subset W q of subset (R|,Rj) 
is constructed as shown in the grouping labeled ref- 
erence number 700 if i belongs to {0,1} or j belongs 
to {2,3}. Otherwise, the subset (R h Rj) is constructed 
as shown in the grouping labeled reference number 
702. (The reason for using two different construction 
rules will be made clear below.) The 8D constellation 
of FIG. 6 has an intra-subset MSED of 1 .17, its trellis 
subsets (R|,Rj) have an intra-subset MSED of 4, and 
its block subsets W q have an intra-subset MSED of 
8. 

The above partitioning of FIGs. 6 and 7 have the 
following additional desirable properties. First, in con- 
trast to the partitioning of the 4D constellation of FIG. 
4, each block subset W q is invariant to 90, 180, and 
270 degree rotations. Second, for each W q of an 
(R,,Rj), after any 45, 135, 225, and 315 degree rota- 
tion, W q becomes W q of a different (RbRj). For exam- 
ple, W 0 of (Rq, Ri) becomes W 0 of (R 3 , R 2 ) after a 45, 
1 35, 225, or 31 5 degree rotation. As another example, 
Wo of (R 0 , Rz) becomes W 0 of {R3, Ri) af *er a 45, 1 35, 
225, or 31 5 degree rotation. Had we not used two sets 
of rules as shown in FIG. 7 for partitioning 8D trellis 
subsets (RipRj)t the second property described above 
would not be valid for some block subsets. These 
properties are advantageously used, in accordance 
with the invention, to design the rotationaily invariant, 
multi-level codes described below. 

FIG. 8 shows how the 4D 32-state rate-1/2 trellis 
encoder of FIG. 5 is converted into an 8D trellis en- 
coder. FIG. 8 also shows an exemplary encoder 800, 
for implementing encoder 1 06 of FIG. 1 , that is based 
on the converted 4D trellis code. Encoder 800 in- 
cludes a Mod-8 differential encoder 112; trellis en- 
coder 114 having a 4D 32-state rate-1/2 trellis encod- 
er 500 T an exclusive-or gate 802, and switching circui- 
try 804; block encoder 116 is a double parity check 
(DPC) encoder having two single parity check encod- 
ers SPC(k, k-1) 806 and 808; and an 8D constellation 
mapper 118. Constellation mapper 118 includes trellis 
subset selector 120, block subset selector 122, and 
point selector 124. 

Encoder 800 typically receives eight input bits 
per 8D signaling interval. However, in one out of every 
k 8D signaling intervals, encoder 800 receives only 
six input bits, In this interval, block encoder 116 does 
not receive any input bits. This is why the average 
number of bits input to a SPC(k, k-1) in each 8D sig- 
naling interval is only 1-1/k. 

Three of the eight bits are provided at the inputs 
to Mod-8 differential encoder 112. The three input bits 
to the differential encoder in the present 8D signaling 
interval are denoted as I2 n , I1 n , and I0 n . The three bits 



output from the differential encoder in the present 8D 
signaling interval are denoted as I2 n \ I1 n \ and I0 n \ 
The function of Mod-8 differential encoder 112 is giv- 
en by the equation I2„ , l1 n l l0 n i = (Kn^'IWICW + 
5 l2J1 n IO n ) mod 1000^ 2 , where n-4 denotes the pre- 
vious 8D signaling interval. 

One of the three bits output from Mod-8 differen- 
tial encoder 112 is provided to 8D trellis encoder 114 
via line 810. Trellis encoder 114 receives another one 
10 of the eight input bits to encoder 800 on line 812. In 
order to maintain rotational invariance of trellis encod- 
er 114, the bit received on line 812 is "Exclusive- 
ORed" in gate 802 with the differentially encoded bit 
on line 810. The 4D 32-state rate-1/2 trellis encoder 
15 500 of trellis encoder 114 then receives the data bit 
on line 810 and outputs bits X1 n and X0 n , which are 
used to specify a first 4D trellis subset R|. Trellis en- 
coder 500 receives the second bit on line 814 and out- 
puts bits XV2 and X0 n+2 , which are used to specify 
20 a second 4D trellis subset Rj. Together, the four bits 
X1 n , X0 ni Xl^and XO^ output from trellis encoder 
114 identify an 8D trellis subset (R,,^). One skilled in 
the art will appreciate that the novel trellis encoding 
arrangement described above will ensure that a valid 
25 sequence of trellis subsets will become another valid 
sequence upon a rotation of the constellation, and 
that the input bits associated with a valid sequence 
can be recovered by the receiver irrespective of the 
rotation. 

30 Two of the remaining four input bits received in 

each 8D interval by encoder 800 are input to block en- 
coder 116. It is important to note that these two bits 
are not differentially encoded. As mentioned above, 
block encoder 116 is a DPC encoder that consists of 

35 two SPC encoders 806 and 808. The SPC code has 
a frame length of k bits, where k illustratively has a 
value equal to four. For each of the first k-1 8D signal 
intervals in a frame of k 8D signal intervals, each SPC 
encoder receives one input bit and passes that bit to 

40 the output. In the kth 8D signal interval of that frame, 
the SPC encoder does not receive any input bit, but 
outputs a redundant bit whose value is equal to the 
exclusive OR of the previous k-1 input bits received 
during that frame. The two bits output from block en- 

45 coder 116 are provided to block subset selector 122 
for selecting a block subset W<, of trellis subset (R^Rj), 
where q is the decimal equivalent of the two bits 
(reading from top to bottom). Note that the selection 
of the block subsets here is done such that for two dif- 

50 ferent groups of encoded bits output from the trellis 
encoder and for the same group of encoded bits out- 
put from the block encoder, the two corresponding 
selected block subsets are related to (i.e., be can be 
obtained) from each other through a phase rotation of 

55 the constellation. 

The operation of block encoder 116 in selecting 
a block subset W q also can be understood from the 
state diagram of FIG. 9. At the beginning of a frame, 
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block encoder 116 is at a present state 0. Depending 
on the value of the two input bits received in the first 
8D interval of that frame, block encoder 1 1 6 will go to 
one of the four possible next states 0, 1 , 2, and 3 and 
will output a corresponding one of the four block sub- 
sets W 0 , W 1f W 2l and W 3 of the trellis subset (R,,Rj) 
identified by trellis subset selector 120. During the 
second 8D interval of that frame, depending on the in- 
put values of the two input bits and the present state 
in that interval, block encoder 116 will again go to one 
of the four possible next states and output another 
corresponding one of the four block subsets. This 
process is repeated for the following k-3 intervals. In 
the last kth interval of the frame, there are no bits in- 
put to block encoder 116. In this case, block encoder 
116 will go to a next state (which turns out to be al- 
ways state 0) determined by the values of the two re- 
dundant bits and the then present state, and will out- 
put a corresponding block subset 

The operation of the state diagram of FIG. 9 can 
be illustrated with the following example. If the value 
of the two bits received in the first 8D interval are 01 , 
block encoder 116 will go from present state 0 to next 
state 1 and will output 8D block subset W v In the sec- 
ond 8D interval, if the values of the two input bits are 
10, biock encoder 116 will go from the then present 
state 1 to next state 3 and will output the correspond- 
ing 8D block subset W 2 , and so on. 

The same state diagram of FIG. 9 will be used by 
block decoder212 {FIG. 2) to decode received signal 
points. Because of the properties of the block subsets 
W q described earlier, a valid sequence of block sub- 
sets will remain a valid sequence after a rotation of 
the constellation. In fact, the path through the state di- 
agram that represents a valid sequence of block sub- 
sets, and its rotated version, are identical in this case. 
This results from using two different construction 
rules, as shown in FIG. 7, for partitioning the trellis 
subsets into block subsets. 

Referring again to FIG. 8, the two remaining bits 
on lines 820 and 822, and the two differentially en- 
coded bits on lines 824 and 826, in each 8D signaling 
interval are provided to point selector 124 of constel- 
lation mapper 11 8 to select an 8D signal point Q n =P ri , 
Pi*i. Pn + 2. Pn +3 ) from the selected block subset W q , 
where P n , P n+ i, P n+ 2, P^j are symbols of the 2D 8- 
PSK constellation of FIG. 3. 

It is to be understood that, in this embodiment, 
the number of bits identified as m., , m 2 , and m 3 in FIG. 
1 are 2, 2-2/k and 4, respectively, for each 8D signal- 
ing interval. 

To maintain rotational invariance, the signal 
points of subset W<, must be selected such that a valid 
sequence of signal points remains valid following a ro- 
tation of the constellation. FIG. 1 0 shows the first part 
of an exemplary embodiment of circuitry for perform- 
ing such a point selection, together with the trellis 
subset selector 120 and block subset selector 122. In 



this part, the 8D constellation mapping is converted 
into a pair of 4D constellation mappings. 

In FIG. 10, a 8D-to-4D constellation mapping 
converter 1000 is shown which includes an inverter 

5 1002, AND gates 1004 and 1006, a Mod-4 adder 
1008, and exclusive-or gates (denoted by "+")- Tne 
value of the output bits of adder 1008 on lines 1010 
and 1012 (reading from top to bottom) is equai to the 
mod-4 sum ofthe value of the input bits on lines 1014 

10 and 1016 (reading from top to bottom), and the value 
of the input bits on lines 101 8 and 1 020 (reading from 
left to right). 

The output bits of 8D-to-4D constellation map- 
ping converter 1000 will be divided into two groups, 
15 {Y0 n , Y1 n , Y2 n , Y3 n , Y4 n } and {Y0^ 2 , Y1 n+2f Y2 n+2 , 

Y3 n4 . 2 , Y4 n+2 K Eacn 9 rou P witl be used to select a 40 
point (P m P n+1 ) or(P n+2 , P n+3 ). This selection is done 
as described below. Bits Y1 n and Y0 n select a 4D 
point. (P n , Prn-i), from the 4D trellis subset Ri accord- 
20 ing to FIG. 1 1 , where i is the decimal equ ivaient of the 
bit pair Y1 n Y0„. Each of the two symbols P n and P n+1 
then are rotated by r-90 degrees counterclockwise, 
where r is the decimal equivalent of Y3 n Y2 n . The re- 
sulting symbol P^i then is rotated by Y4 n 180 de- 
25 grees. The second 4D point, (P n+2 , Pn+s). is obtained 
in the same manner using bits Y0 fl+2 , Y1 n+2 , Y2 n+2 , 
Y3 ft+2 , and Y4 n * 2 in place of bits Y0 n , Y1 h , Y2 n , Y3„, 
and Y4 n , respectively. 

Although the invention has been described thus 
so far in the context of a transmitter which uses a 4D 32- 
state rate-1 /2 trellis encoder, one skilled in the art will 
appreciate that other rotationally invariant trellis en- 
coders could be employed. For example, in alterna- 
tive embodiments of the invention, the 32-state trellis 
35 encoder of FIG. 5 could be replaced with the 8-state 
trellis encoder of FIG. 1 2 or the 16-state trellis encod- 
er of FIG. 13, in those instances where reduced com- 
plexity is more important than performance. On the 
other hand, where increased performance is desired, 
40 the 32-state trellis encoder of FIG. 5 is replaced with 
the 64-state trellis encoder of FIG. 14, 

The operation of decoder 202 of FIG. 2 will now 
be described in greater detail. Although in the trans- 
mitter the trellis code is an 8D code, the 8D code is 
45 converted from a 4D code (as described above). In 
this case, trellis decoder 210 is identical to what is 
used for decoding the 4D code. The first step per- 
formed by trellis decoder 210 is to identify, for each 
of the four trellis subsets R* to R 3 , the closest 4D sig- 
50 nal point of the subset to a received 4D signal point 
and the squared Euclidian distance between the two 
points. This information (i.e, ( the signal points and the 
distances) is then used in a conventional manner by 
a Viterbi decoder that forms a part of trellis decoder 
55 210. One output of trellis decoder 210 (on line 216) in 
the present 8D signal interval n (formed by two 4D in- 
tervals) is the estimated 8D trellis subset IV , (formed 
by two estimated 4D trellis subsets) that corresponds 
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to the 8D trellis subset U n _ /selected by the transmitter 
in an earlier 8D signal interval n-l. The other output of 
trellis decoder 210 is the delayed received channel- 
impaired 3D signal point . 

Both outputs from trellis decoder 21 0 are provid- 
ed to yockdecoder 212, which identifies an 8D signal 
point , from the SD trail is subset U n _ The first step 
performed by block decoder 212 is to identify, for 
each of the four block subsets W 0 to W 3 of the iden- 
tified trellis subset the closest SD signal point of 
the block subset to the received 8D signal point 

Qrw and the squared Euclidian distance between 
the two points. This information is then used in a con- 
ventional manner by another Viterbi decoder, which is 
the second step performed by block decoder 212- 
This second Viterbi decoder operates according to 
the state diagram of FIG. 9. 

Block decoder 21 2 outputs to differential decoder 
214, via lines 220, 222 r and 224, the rr^ ^=2), m 2 (=2- 
2/k), and m 3 (=4) bits corresponding to Op./, as spe- 
cified by encoder 106. Differential decoder 214 then 
decodes the three groups of input bits m 1 +m 2 +rri3 and 
provides the output bits to parallet-to-serial converter 
204, Differential decoder 214 is a conventional differ- 
ential decoder whose operation is the inverse of dif- 
ferential encoder 112. 

FIG. 15 shows a 2D 16-PSK constellation having 
sixteen symbols labeled 0-15. The sixteen symbols 
are partitioned into four subsets A, B, C, and D, each 
subset having four symbols. Subset A includes sym- 
bols 0, 4, 8, and 12, subset 8 includes symbols 2, 6, 
10, and 14, and so on. 

A 128-point 40 16-PSK constellation is then 
formed by first concatenating a pair of 2D 16-PSK 
constellations and then deleting 128 selected points. 
The deleted points are those whose first symbol is 
even numbered and second symbol is odd numbered, 
and those whose first symbol is odd numbered and 
second symbol is even numbered. 

FIG. 16 shows how to partition this 4D 16-PSK 
constellation into subsets. The constellation is first 
partitioned into four trellis subsets, Ro, Ri, R 2 . and R3. 
Each trellis subset consists of two concatenations of 
two 2D subsets of FIG. 15. For example, subset Ro 
consists of (A,A) and (B,B), while subset R 2 consists 
of (B,A) and <A,B). Each trellis subset is further par- 
titioned into two block subsets, T 0 and T v The intra- 
subset MSED of the 4D constellation illustratively has 
a value of 0.3, if the amplitude of the symbols of the 
2D 16-PSK constellation is normalized to one. Each 
of the trellis subsets has an intra-subset MSED of 
1,17 and each of the block subsets has an intra-sub- 
set MSED of two. 

Each trellis subset Rj is invariant to q-45 degree 
rotation forq= 1, 2 7. Using the four subset parti- 
tion of the 4D constellation of FIG. 16, a suitable trellis 
encoder can be constructed as described above for 



the 8-PSK case. In fact, the same trellis encoders 
shown in FIGs. 5 and 12-14 can be used here. Such 
a trellis encoder will receive one bit per4D signaling 
interval to generate two output bits which are used to 

5 r select a trellis subset R,, whose subscript i is the dec- 
imal equivalent of the two trellis output bits (reading 
from top bottom). Each block subset Tj is invariant to 
only 90, 180, and 270 degree rotations. Moreover, 
when a Tj of an R| is rotated by 22.5 degrees, Tj some- 

10 times becomes Tj of a different R, and sometimes be- 
comes Tj, with \ r being not equal to j, of a different R h 
As previously discussed {with respect to the 8- 
PSK constellation of FIG. 3), the 4D rate-1/2 trellis en- 
coder described above can be used directly as trellis 

15 encoder 1 14 of FIG. 1 forthe 4D 1 6-PSK constellation 
if rotational invariance is not critical. In this case, an 
SPC code, is used to implement block encoder 116. 
The SPC generates one output bit per 4D signaling in- 
terval which is used to select a block subset Tj of the 

20 trellis subset R ( that was previously selected by the 
trellis encoded bits. However, using the approach just 
described, it is difficult to achieve rotational invari- 
ance because of the rotationally variant properties of 
the block subset Tj. 

25 Rotational invariance can be achieved, in accor- 

dance with the invention, by first converting the 4D 
trellis code into a code of higher dimensionality (in 
this case, an 8D code). 

FIG. 17 shows a 2 14 -point8D 16-PSK consteMa- 

30 tion formed by concatenating a pair of the 128-point 
4D 16-PSK constellations of FIG. 16. This 8D constel- 
lation is partitioned into sixteen 8D trellis subsets 
(R h Rj), each being a concatenation of 4D trellis sub- 
sets Rj and Rj of FIG. 16. Each 8 D trellis subset (R|,Rj) 

35 is further partitioned into two block subsets W 0 or W v 
Depending upon the values of i and j, the two block 
subsets of an 3D trellis subset is formed as shown in 
FIG. 18. 

Referring to FIG. 18, each 8D block subset W q of 

40 (Ri.Rj) consists of the union of two concatenations of 
4D block subsets (T p , T q ), where T p and T q are sub- 
sets of R] and R^, respectively. Subset W q of subset 
(Rj.Rj) is constructed as shown in the grouping lab- 
eled reference number 1800 if i belongs to {0,1} or j 

45 belongs to {2,3}. Otherwise, the subset (R|,Rj) is con- 
structed as shown in the grouping labeled reference 
number 1802. The 8D constellation of FIG. 18 has an 
intra-subset MSED of 0.3, its trellis subsets (R ( ,Rj) 
have an intra-subset MSED of 1.17, and its block sub- 

so sets W Q have an intra-subset MSED of 4. In contrast 
to the partitioning of the 4D constellation of FIG. 16, 
each block subset W q is invariant to q45 degree ro- 
tations for q= 1 , 2 7. Also, for each W q of an (R|,Rj), 

after any q-45 + 22.5 degree rotation for q= 0, 1 , 2 

55 7, W q becomes W q of a different (RhRj). 

FIG, 19 shows an exemplary encoder 1900, for 
implementing encoder 106 of FIG. 1, that is based on 
the converted 4D trellis code. Encoder 1900 includes 
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■a differential encoder 112 (embodied as a Mod-16 dif- 
ferential encoder); trellis encoder 114 having 4D rate- 
1/2 trellis encoder 500 (or alternatively, the trellis en- 
coders of FIGs. 12-14), Exclusive-OR gate 1902, and 
switching circuitry 1904; block encoder 116 having a 
SPC (k, k-1) encoder 806. Also shown in FIG. 19 is an 
8D-to-4D constellation mapping converter 1906, that 
provides output bits to a 4D constellation mapper (not 
shown). 

The operation of encoder 1900 is similar to that 
of encoder 800 of FIG. 8. Encoder 1900 typically re- 
ceives twelve input bits per 8D signaling interval. 
However, in one out of every k signaling intervals, en- 
coder 1900 receives only eleven input bits. In this in- 
terval, block encoder 116 does not receive any input 
bits. 

Four of the twelve bits are provided at the inputs 
to Mod-16 differential encoder 112. Thefourinput bits 
to the Mod-16 differential encoder in the present 8D 
signaling interval are denoted on FIG, 19 as I3 n , I2 n , 
I1 n , and I0 n . The four bits outputfrom the differential 
encoder in the present 8D signaling interval are de- 
noted as I3 n ', I2 h \ I1 n \ and I0 n \ The function of Mod- 
16 differential encoder 112 is given by the equation 

IV^IVIO^ = (IS^V^^^IVVIO^^^JInlOn) 

mod lOOOtaM 2 , where n-4 denotes the previous 8D 
signaling interval. 

One of the four bits outputfrom Mod-16 differen- 
tial encoder 112 is provided to 8D trellis encoder 114 
via line 1908. Trellis encoder 114 receives another 
one of the twelve input bits to encoder 1900 on line 
1 91 0. In order to maintain rotational tnvariance of trel- 
lis encoder 114, the bit received on line 1910 is Exclu- 
sive-ORed in gate 1902 with the differentially encod- 
ed bit on line 1 908. The 4D 32-state rate- 1/2 trellis en- 
coder 500 of trellis encoder 114 then receives the 
data bit on line 1908 and outputs bits Y1 n and Y0 m 
which are used to specify a first 4D trellis subset Ri. 
Trellis encoder 500 receives the second bit on line 
1910 and outputs bits Y1 n+2 and Y0 n+2 , which are 
used to specify a second 4D trellis subset R$. Togeth- 
er, the four bits Y1 n , Y0 n , Y1 n+2 and Y0 n+2 outputfrom 
trellis encoder 114 identify an 8D trellis subset <R,,Rj). 

One of the remaining seven input bits received in 
each 8D interval by encoder 1900 is in put to block en- 
coder 116, It is important to note that this bit is not dif- 
ferentially encoded. As mentioned above, block en- 
coder 116 is embodied as SPC 806. The SPC code 
has a frame length of k bits, where k illustratively has 
a value equal to four. For each of the first k-1 8D signal 
intervals in a frame of k 8D signal intervals, SPC en- 
coder 806 receives one input bit and passes that bit 
to the output. In the kth 8D signal interval of that 
frame, the SPC encoder does not receive any input 
bit, but outputs a redundant bit whose value is equal 
to the exclusive-or of the previous k-1 input bits re- 
ceived during that frame. Thus, SPC encoder 806 re- 
ceives an average of 1-1/k bits per 8D signaling inter- 



val. The bit outputfrom block encoder 116 is provided 
to 8D-to-4D constellation mapping converter 1 906 for 
use in selecting a block subset W q of trellis subset 
(R h Ri), where q is the value of the bit output from the 
5 block encoder. This selection process is embedded in 
8D-to-4D constellation mapping converter 1906 and 
the subsequent 4D constellation mapper (described 
below). 

The operation of block encoder 116 in selecting 
w a block subset W<, also can be understood from the 
state diagram of FIG. 20. (The same state diagram of 
FIG. 20 will be used by block decoder 212 (FIG. 2) to 
decode received signal points.) At the beginning of a 
frame, block encoder 116 is at a present state 0. De- 
15 pending on the value of the input bit received in the 
first 8D interval of that frame, block encoder 116 will 
go to one of the two possible next states 0 and 1 , and 
will output a corresponding one of the two block sub- 
sets W 0 and W., of the selected trellis subset (R h Rj), 
20 During the second 8D interval of that frame, depend- 
ing on the value of the input bit and the then present 
state in that interval, block encoder 116 will again go 
to one of the two possible next states and output an- 
other corresponding one of the two block subsets. 
25 This process is repeated for the following k-3 inter- 
vals. In the last kth interval of the frame, no bit is input 
to block encoder 116. Instead, block encoder 116 will 
go to a next state (which turns out always to be state 
0) determined by the values of the single redundant 
30 bit and the then present state, and will output a cor- 
responding block subset. 

Referring again to FIG, 19, the six remaining bits 
on lines 1912, 1914, 1916, 1918, 1920, and 1922, and 
the three differentially encoded bits on lines 1924, 
35 1 926, and 1928 in each 8D signaling interval are pro- 
vided to 8D-to-4D constellation mapping converter 
1906. Constellation mapping converter 1906 con- 
verts the 8D constellation mapping into a pair of 4D 
constellation mappings. Constellation mapping con- 
40 verter 138 includes Mod-4 adders 1930 and 1932, 
AND gates 1934 and 1936, inverter 1938, an exclu- 
sive-OR gate, and Mod- 8 adder 1940, and operates 
in a manner similar to that described for constellation 
mapping converter 1000 of FIG. 10. 
45 It is to be understood that, in this embodiment, 

the number bits identified as m 1( m 2 , and m 3 in FIG. 
1 are 2, 1-1/k, and 9, respectively, for each 8D signal- 
ing interval. 

The output bits of constellation mapping conver- 
50 ter 1906 will be divided into two groups, {Y0 n , Y1 n , 
Y2 n , Y3 n , Y4 n , Y5 n , Y6n} and {Y0 n+2 , YV a , Y2 n+2 , 
Y3 n+2l Y4 n+2 , Y5 n+2 , Y6 n+2 }. Each group will be used to 
select a 4D point, as described below. The two 4D 
points form an 8D point Q n =(P n , P n +i. Pn+a. Pn+3). 
55 where P m P n+1 , P n+2 , P n+3 are symbols of the 2D 1&- 
PSK constellation of FIG. 15. 

The selection of 4D points is done as follows. Bits 
Y1 n and Y0„ select a 4D point, (P n , P n+ i), from the 4D 
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trellis subset R ( according to FIG. 11, where i is the 
decimal equivalent of the bit pair Y1 n Y0 n . Each of 
symbols P n and P n+1 then are rotated by r 45 degrees 
counterclockwise, where ris the decimal equivalent of 
Y4 n Y3 ri Y2 rr The resulting symbol P n+t then is rotated 
by s-90 degrees counterclockwise, where s is the dec- 
imal equivalent of Y6 R Y5 n . The second 4D point (P n+ 2* 
P^s), is obtained in the same manner using bits YO^. 
YW Y2 n+2 , Y3 n+2 . Y4 n+2l YS^. and Y6 ni . 2 in place of 
bits Y0 n , Y1 ni Y2 n , Y3 ni Y4 n , Y5 n , and Y6 n , respective- 
ly. As in the first embodiment, the 8D-to-4D constel- 
lation mapping converter and the 4D constellation 
mapper are constructed such that a valid sequence of 
signal points remains valid following a q 22.5 degree 
rotation of the 16-PSK constellation. 

One skilled in the art will appreciate that the op- 
erations of decoder 202 of FIG. 2 in decoding signals 
received from encoder 1900 over channel 110 are 
similar to those described above with respect to the 
8-PSK embodiment. Block decoder 212, in this em- 
bodiment, uses the state diagram shown in FIG. 20 to 
perform the decoding operation. 

FIG. 21 shows a 2D QAM constellation having 96 
symbols. The symbols are partitioned into four 2D 
trellis subsets A, B, C, and D. Each trellis subset is 
further partitioned into two block subsets denoted by 
a subscript 0 or 1 . For example, subset A is partitioned 
into block subsets Ao and A v Each 2D symbol in the 
constellation is uniquely identified by seven bits, Z6 nt 
Z5 n , Z4 n , Z3 n , Z2 n , Z1 n , and Z0 n . BitsZ^nZlnZOn iden- 
tify the 2D block subset to which the symbol belongs, 
as shown in the table of FIG. 22, Bits Z^^ZA^ZZ^ 
sf>ecif y the symbol within the block subset. 

A 2 13 - point 4D 96-QAM constellation is then 
formed by first concatenating a pair of 2D 96-QAM 
constellations and then deleting selected points. The 
points to be deleted preferably are selected so as to 
delete points that require more energy while keeping 
constellation mapping simple. FIG. 23 shows how to 
partition this 4D 96-QAM constellation into subsets. 
The constellation is first partitioned into eight 4D trel- 
lis subsets, Ro through R 7 . Each 4D trellis subset con- 
sists of two concatenations of two 2D subsets of FIG, 
21. For example, subset Ro consists of (A,A) and 
(B.B), while subset R 2 consists of(A,B) and (B,A). 
Each 4D trellis subset is further partitioned into four 
4D block subsets, T 0 , l u T 2 , and T 3 . For example, 
block subset T 0 of trellis subset R 0 consists of (Ao,Ao) 
and (A^Ai). The intra-subset MSED of the 4D con- 
stellation illustratively has a value of 4. Each of the 
trellis subsets has an intra-subset MSED of 16 and 
each of the biock subsets has an intra-subset MSED 
of 32. 

The above partitioning has the following proper- 
ties. Each trellis subset R] is invariant to 180 degree 
rotation. Each block subset Tj is not invariant to 90, 
180, or 270 degree rotations. Moreover, when a Tj of 
an Rj is rotated by 90 degrees clockwise, Tj some- 



times become Tj of a different R, and sometimes be- 
comes T, , with j' being not equal to j, of a different R t . 
For example, referring to FIG. 23, T 0 of Ro becomes 
T 0 of R4 after a 90 degree clockwise rotation, but T 0 

s of R 5 becomes T-i of R^ These properties of the block 
subset Tj poses a problem in designing rotationally in- 
variant multilevel coded systems based directly on 
the 4D constellation of FIG, 23, 

If rotational invariance is not critical, the 4D rate 

10 2/3 trellis encoders described below in FIGs. 27-29, 
for example, can be used as trellis encoder 114 of 
FIG. 1 In this case, the DPC code described in detail 
below, can be used to implement block encoder 116, 
The DPC generates two output bits per4D signaling 

15 interval, which are used to select a block subset Tj of 
the trellis subset R ( that was previously selected by 
the trellis encoded bits. However, using the approach 
just described, it is extremely difficult to achieve ro- 
tational invariance. This difficulty arises because of 

20 the rotationally variant properties of the block subset 
Tj described above. 

I have discovered that rotational invariance can 
be achieved, in accordance with the invention, by first 
converting the 4D rate-2/3 trellis code of FIGs. 27-29 

25 into a code of higher dimensionality (in this case, an 
8D code). By converting to a code of higher dimen- 
sionality, I eliminate any need to differentially encode 
the bits that are to be block encoded. 

FIG. 24 shows a 2 M - point 8D 96-QAM constella- 

30 tion formed by concatenating a pair of the 2 13 -point 
4D 96-QAM constellations of FIG, 23, This 8D con- 
stellation is partitioned into 64 3D trellis subsets 
(Rj.Rj), each being a concatenation of 4D trellis sub- 
sets Rj and Rj of FIG. 23. Each 3D trellis subset (R^Rj) 

35 is further partitioned into four block subsets W 0 , W 1p 
W 2 or W 3 . Depending upon the values of i and j, the 
four block subsets of an 6D trellis subset is formed as 
shown in FIG. 25. 

Referring to FIG, 25, each 3D block subset W q of 

40 (R| t Rj) consists of the union of four concatenations of 
4D block subsets (T p , T q ), where T p and T q are sub- 
sets of R| and Rj, respectively. Subset of subset 
(Ri,Rj) is constructed as shown in the grouping lab- 
eled reference number 2500 if i belongs to {0,1,2,3} 

45 or j belongs to {4,5,6,7}. Otherwise, subsets W q of 
subset (R|,Rj) are constructed as shown in the group- 
ing labeled reference number 2502. The 8D constel- 
lation of FIG, 24 has an intra-subset MSED of 4 f its 
trellis subsets (Ri,Rj) have an intra-subset MSED of 

50 16, and its block subsets W q have an intra-subset 
MSED of 32, 

The above partitioning of FIGs. 24 and 25 have 
the desirable property that, in contrast to the parti- 
tioning of the 4D constellation of FIG. 23, each block 

55 subset W q is invariant to 180 degree rotations. Fur- 
thermore, when a subset W q of (R^Rj) is rotated by 90 
or 270 degrees, it becomes the W q of a different 
(R| T Rj). Had we not used two sets of rules as shown 
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in FIG. 25 for partitioning 8D trellis subsets (Rj,Rj), 
this latter property would not be valid for some block 
subsets. This property, and the property of invariance 
to 180 rotations, are advantageously used in accor- 
dance with the invention to design the rotationally in- 
variant, multi-level codes described below. 

FIG, 26 shows an exemplary encoder 2600 for 
implementing encoder 106 of FIG. 1 that is based on 
the converted 8D trellis code. Encoder 2600 includes 
a Mod-4 differential encoder 112; trellis encoder 114 
having a 4D rate 2/3 trellis encoder 2602, an exciu- 
sive-or gate 2603, and switching circuitry 2604; block 
encoder 116 having two SPC(k, k-1) encoders 806 
and 808; and an 8D-to-4D constellation mapping con- 
verter 2610. Constellation mapping converter 2610 
includes an AND gate 2612, an inverter 261 4, and Ex- 
clusive-OR gates. 

Encoder 2600 typically receives twenty-four in- 
put bits per 8D signaling interval. However, in one out 
of every k signaling intervals, encoder 2600 receives 
only twenty-two input bits. In this interval, block en- 
coder 116 does not receive any input bits. Two of the 
input bits are provided at the inputs to Mod-4 differ- 
ential encoder 112. The two input bits to differential 
encoder 112 in the present 8D signaling interval are 
denoted as I1 n and !0 n . The two bits output from the 
differential encoder in the present 8D signaling inter- 
val are denoted as 11 n ' and I0 n \ The function of Mod- 
4 differential encoder 112 is given by the equation 
IVKV - OV4KW + Hnl0 n )mod 1000 base2 , where n- 
4 denotes the previous 8D signaling interval. 

One of the two bits outputf rom Mod-4 differential 
encoder 112 is provided to 8D trellis encoder 114 via 
line 2612. Trellis encoder 114 receives another three 
input bits on lines 2614, 2616, and 2618. In order to 
maintain rotational invariance of trellis encoder 114, 
the bit received on line 2616 is Exclusive-ORed in 
gate 2603 with the differentially encoded bit on line 
2612. The 4D rate-2/3 trellis encoder 2602 of trellis 
encoder 114 (as shown in FIGs. 27-29) then receives 
the data bits from lines 2612 and 2614 and outputs 
bits Y2 n , Y1 n and Y0 r , which are used to specif y afirst 
4D trellis subset R lf where i is the decimal equivalent 
of the output bit pattern Y2 n Y1 n Y0 n . Trellis encoder 
2602 receives a second set of bits from lines 2616 
and 2618 and outputs bits Y2 n+2 * W2 and YC W 
which are used to specify a second 4D trellis subset 
Rj. Together, the six bits Y2 n , Y1 n , Y0 m Y2^ 2l Y1 n+2 
and Y0 n+2 output from trellis encoder 114 identify an 
8D trellis subset (Rj.Rj)* One skilled in the art will ap- 
preciate that the novel trellis encoding arrangement 
described above will ensure that a valid sequence of 
trellis subsets will become another valid sequence 
upon a rotation of the constellation by 90, 180, or 270 
degrees, and that the input bits associated with a val- 
id sequence can be recovered by the receiver irres- 
pective of the rotation. The trellis encoders of FIGs. 
27-29 also are designed to maximize the trellis dis- 



tance, as described above with respect to the trellis 
encoder of FIG. 5. 

Referring again to FIG. 26, two of the twenty-four 
input bits received in each 8D interval by encoder 
5 2600 are input to block encoder 116. It is important to 
note that these two bits are not differentially encod- 
ed. As mentioned above, block encoder 116 is a DPC 
encoder that consists of two SPC(k, k-1) encoders 
806 and 808. The SPC code has a frame length of k 
10 bits, where k illustratively has a value equal to four. 
For each of the first k-1 8D signal intervals in a frame 
of k 8D signal intervals, each SPC encoder receives 
one input bit and passes that bit to the output. In the 
kth 8D signal interval of that frame, the SPC encoder 
15 does not receive any input bit, but outputs a redun- 
dant bit whose value is equal to the Exclusive-ORed 
value of the previous k-1 input bits received during 
that frame. Thus, each SPC encoder receives, on 
average, 1-1/k bits per 8D signaling interval via lines 
20 2617 or2619. The two bits output from blockencoder 
116 are provided to constellation mapping converter 
2610, and are used to select a block subset W q of the 
selected trellis subset (R ( ,Rj)» where q is the decimal 
equivalent of the pattern of the two output bits from 
25 the DPC encoder (reading from top to bottom). 

The operation of block encoder 116 in selecting 
a block subset W q also can be understood from the 
state diagram of FIG. 9. At the beginning of a frame, 
block encoder 116 is at a present state 0. Depending 
30 on the value of the two input bits received in the first 
8D interval of that frame, block encoder 1 16 will go to 
one of the four possible next states 0, 1 , 2, and 3 and 
will output a corresponding one of the four block sub- 
sets W 0 , W 1( W z , and W 3 of the selected trellis subset 
35 (R h Rj) (identified by trellis subset selector 120 of FIG. 
1). During the second 8D interval of that frame, de- 
pending on the input values of the two input bits and 
the present state in that interval , block encoder 116 
will again go to one of the four possible next states 
40 and output another corresponding one of the four 
block subsets. This process is repeated for the follow- 
ing k-3 intervals. In the last kth interval of the frame, 
there are no bits input to block encoder 116. In this 
case, block encoder 116 will go to a next state (which 
45 turns out to always be state 0) determined by the val- 
ues of the two redundant bits and the then present 
state, and will output a corresponding block subset. 
The remaining bits on the group of lines labeled 
2620 and 2621 , and on line 2624, and the differential- 
50 ly encoded bit on line 2626, are used to select an 8D 
pointfrom the selected block subset This point selec- 
tion process, together with the trellis subset selection 
and block subset selection can be done jointly by 8D- 
to-4D constellation mapping converter 2610 and 4D- 
55 to-2D constellation mapping converter 3000 shown in 
FIG. 30. The 8D-to-4D constellation mapping conver- 
ter 2610 converts the 8D constellation mapping into 
a pair of 4D constellation mappings. Constellation 
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mapping converter 2610 operates in a manner similar 
to that described for constellation mapping converter 
1 000 of FIG. 10. The output bits of 8D-to-4D constel- 
lation mapping converter 261 0 will be divided into two 
groups, the first group including the twelve bits hav- 
ing a subscript n (e,g., Y0 m Y1 n ), and the second 
group including the twelve bits having a subscript n+2 
<e.g.,Y0 n+2 , Y1 n+2 ). 

Each group of bits output from SD-to-4D constel- 
lation mapping converter 261 0 is provided, in time se- 
quence, to the inputs of a 4D-to-2D constellation 
mapping converter 3000 shown in FIG, 30. Constel- 
lation mapping converter 3000 includes a bit conver- 
ter 3002, a fractional bit encoder 3004, and an Exclu- 
sive-OR gate 3006. Bit converter 3002 receives four 
bits Y3 nf Y2 n , Y1 nt and Y0 n and converts them to four 
output bits according to the table shown in FIG. 31. 
Fractional bit encoder 3004 encodes the three bits 
Y12 n , Y11 n , and Y10 n according to the table shown in 
FIG. 32 to output four bits. The output of constellation 
mapping converter 3000 is grouped into two groups, 
each group being provided to a 2D 96-QAM constel- 
lation mapper shown in FIGs. 21 and 22. 

It is to be understood that 8D-to-4D constellation 
mapping converter 2610, 4D-to-2D constellation 
mapping converter 3000, and the 2D 96-QAM con- 
stellation mapper shown in FIGs. 21 and 22 are de- 
signed together with each other and with differential 
encoder 112, trellis encoder 114, and block encoder 
116 of FIG. 26. This ensures that the a valid sequence 
of signal points becomes another valid sequence of 
signal points after a rotation by a phase angle corre- 
sponding to a phase symmetry of the constellation. 
This also ensures that the input bits associated with 
a valid sequence in the transmitter can still be recov- 
ered in the receiver after such a rotation. 

It is to be understood that, in this embodiment, 
the number bits identified as m a , and m 3 in FIG. 
1 are 4, 2-2/k, and 16, respectively, for each 8D sig- 
naling interval. 

One skilled in the art will appreciate that the op- 
erations of decoder 202 of FIG. 2 in decoding signals 
received from encoder 2600 over channel 110 are 
similar to those described above with respect to the 
8-PSK embodiment. Block decoder 212, in this em- 
bodiment, uses the state diagram shown in FIG. 9 to 
perform the decoding operation. 

It will be apparent to one skilled in the art that 
other modifications can be made to the described em- 
bodiment without departing from the scope of the in- 
vention. For example, although I have disclosed three 
embodiments of codes constructed in accordance 
with the invention, in view of the present disclosure, 
other such codes could be readily constructed. Also, 
constellations of different sizes and different number 
of phase ambiguities could be used, and a different 
number of input bits could be used for each signaling 
interval. In still other embodiments, the constella- 



tions could be formed using conventional constella- 
tion shaping techniques. 



5 Claims 

1. A method for selecting a sequence of signal 
points from a 2N-dimensional constellation to 
represent a sequence of input bits, the constella- 
te tion having at least three phase symmetries and 
being partitioned into a first group of subsets, and 
each of the subsets of the first group being par- 
titioned into a second group of subsets, the meth- 
od comprising the steps of: 
is applying, during each 2N-dimensional sig- 
naling interval, f irst and second portions of the in- 
put bits to a first encoder and a second encoder, 
respectively, to generate first and second groups 
of encoded bits; 
20 specifying, in response to the first group of 
encoded bits, a first subset from the first group 
of subsets of the constellation; 

identifying, in response to the second 
group of encoded bits, a second subset from the 
25 second group of subsets of the specified first 

subset; 

selecting, in response to a third portion of 
the input bits, a 2N-dimensional signal point from 
the identified second subset; and 

30 generating an output signal representing a 

sequence of successive 2N-dimensional signal 
points thus selected, 

wherein the constellation is partitioned 
such that the subsets in the first and second 

35 groups of subsets are invariant to the same 

amounts of phase rotation, and wherein a valid 
sequence of signal points becomes another valid 
sequence of signal points after a rotation corre- 
sponding to a phase symmetry of the constelia- 

40 tion. 

2. The method of claim 1 wherein the specifying 
and identifying steps are performed such that for 
two different groups of encoded bits output from 

45 the first encoder and for the same group of en- 

coded bits output from the second encoder, the 
two corresponding identified second subsets 
can be obtained from each other through a phase 
rotation of the constellation. 

50 

3. The method of claim 1 wherein the first and sec- 
ond encoders are redundancy encoders. 
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4. The method of claim 1 wherein the first encoder 
is a trellis encoder. 

5. The method of claim 1 wherein the second en- 
coder is a block encoder. 
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6. The method of claim 1 wherein the 2N-dimen- 
sional constellation is constructed from a QAM 
constellation having four phase ambiguities. 

7. The method of claim 1 wherein the 2N-dimen- 5 
sional constellation is constructed from an M- 
PSK constellation having at least three phase 
ambiguities. 

8. Apparatus for transmitting a sequence of signal 10 
points selected from a 2N-dimensional constella- 
tion to represent a sequence of input bits, the 
constellation having at least three phase sym- 
metries and being partitioned into a first group of 
subsets, and each of the subsets of the first is 
group being partitioned into a second group of 
subsets, the apparatus comprising: 

first means for encoding, during each 2N- 
dimensional signaling interval, a first portion of 
the input bits to generate a first group of encoded 20 
bits; 

second means for encoding, during each 
2N-dimensional signaling interval, a second por- 
tion of the input bits to generate a second group 
of encoded bits; 25 

means for specifying, in response to the 
firstgroup of encoded bits, a first subset from the 
first group of subsets of the constellation; 

means for identifying, in response to the 
second group of encoded bits, a second subset 30 
from the second group of subsets of the specified 
first subset; 

means for selecting, in response to a third 
portion of the input bits, a 2N-dimensional signal 
point from the identified second subset; and 3$ 

means for generating an output signal rep- 
resenting a sequence of successive selected 2N- 
dimensional signal points, 

wherein the constellation is partitioned 
such that the subsets in the first and second 40 
groups of subsets are invariant to the same 
amounts of phase rotation, and wherein a valid 
sequence of signal points becomes another valid 
sequence of signal points after a rotation corre- 
sponding to a phase symmetry of the consteha- 45 
tion. 



12. The apparatus of claim 21 wherein the block en- 
coder comprises at least one single-parity-check 
encoder. 

13. The apparatus of claim 17 wherein the 2N-di- 
mensional constellation is constructed from a 
QAM constellation having four phase ambigui- 
ties. 

14. The apparatus of claim 17 wherein the 2N-di- 
mensional constellation is constructed from an 
M-PSK constellation having at least three phase 
ambiguities. 

15. Receiver apparatus for processing a received 
signal that was generated by encoding, during 
each 2N-dimensk>nal signaling interval, first and 
second portions of a plurality of input bits to re- 
spectively generate first and second groups of 
encoded bits and then selecting, in response to 
the first and second groups of encoded bits and 
a third portion of the input bits, respectively, a 
first subset of a constellation, a second subset of 
the first subset, and a signal point of the second 
subset, the constellation having at least three 
phase ambiguities and being partitioned such 
that the first and second subsets are invariant to 
the same amounts of phase rotation, a valid se- 
quence of successive channel signal points as 
another valid sequence of signal points after a ro- 
tation corresponding to a phase symmetry of the 
constellation, the receiver apparatus comprising: 

means including a decoder for recovering 
from said received signal the plurality of input 
bits. 



9. The apparatus of claim 17 wherein the first en- 
coder is a tret I is encoder. 

50 

10. The apparatus of claim 19 wherein the trellis en- 
coder utilizes a trellis code of a predetermined di- 
mensionality and wherein the trellis code is de- 
rived from a second trellis code of lower dimen- 
sionality. 55 

11. The apparatus of claim 17 wherein the second 
encoder is a block encoder. 
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